Abstract The number of electric and electronic products (e-products) owned by Chinese households has multiplied in the past decade. In this study, we analyz the GHG emissions from e-products in Chinese households in order to understand and determine how to mitigate their effects on climate change. The results show that the usage stage of e-products has become an important source of GHG emissions in China, with total GHG emissions of these household eproducts reaching about 663 million tons CO 2 eq., accounting for about 8.85 % of all Chinese GHG emissions in 2012. The average GHG emission per household per year in China was 1538 kg CO 2 eq. in 2012, a little higher than that of Norwegian households (1200 kg CO 2 eq.). The electricity mix plays a very important role in GHG emissions, and the 78 % coal-fired power consumption accounted for 99.69 % of the total GHG emissions. Our research also supports the view that GHG emissions from household e-products increased with economic level. To reduce the GHG emissions of household e-products, the development of energysaving e-products and changes to the electricity mix would be very effective measures.
for the foreseeable future (Dahowski et al. 2012; Feng et al. 2015; Vennemo et al. 2006) . Since 2009, China has been the world's largest GHG emitter and is responsible for about 20 % of global GHG emissions (Jaccard and Tu 2011) .
The Intergovernmental Panel on Climate Change (IPCC) has concluded that most of the observed increase in average global temperature is most likely the result of the observed increase in the anthropogenic GHG concentrations (IPCC, 2007) . These gases-mainly CO 2 and methane (CH 4 )-are emitted into the atmosphere, and the accumulation of these gases is seriously exacerbating global warming from any natural causes (Akorede et al. 2012; Evans et al. 2014) .
Energy generation and usage are generally the most important sources of GHG emissions, and these typically contribute about 80 % of GHG emissions in China (Yang and Chen 2013; Zhou 2006); NBSC 2013) . Most of the popular attention on GHGs is focused on energy production (Bos et al. 2014; Gnansounou et al. 2004; Li et al. 2013; Liu et al. 2013) , while little thought is given to how or where the energy is utilized. The energy use and environmental impacts of household electric and electronic equipment (e-products), however, have been a continuous concern of energy analysts and environmental policy makers (Fang et al. 2013; Li et al. 2015; Song and Li 2014; Song et al. 2012a) . As a result of rapid technical development and product innovation, the use of e-products has become commonplace in households, and new energy issues are likely to arise as the consumption of electronic equipment rises rapidly throughout the world (Corcoran and Andrae 2013; Duan et al. 2014; Li et al. 2006 ). According to the Chinese statistical yearbook, the electricity consumed by the use of household e-products in China accounted for about 12 % of the total electricity generation in 2012 (NBSC 2013) . Energy utilization attributable to e-product use has been the focus of numerous efficiency improvement strategies.
Increased awareness of the importance of environmental protection and the possible impacts associated with e-product usage has increased interest in better understanding and addressing the GHG issues associated with these products. However, very few researchers have addressed the issue of GHG emissions of e-products, anywhere in the world (An exception). Hertwich and Roux 2011 , who investigated greenhouse gas emissions from the consumption of e-products by Norwegian households, including the production, usage and disposal stages of the products. Most researches have used the life cycle assessment (LCA) methodology to evaluate the environmental performances of personal computer (PC) products (Duan et al. 2009; Song et al. 2012b; Hikwama 2005) . Our previous research also used LCA to investigate the environmental impact of television (TV) sets in China (Song et al. 2012c ). However, no detailed research has investigated the GHG emissions of e-products more generally in China. Furthermore, the research that has been performed has paid more attention to other environmental effects, and presented no detailed GHG emission data.
In this study, the aim is to evaluate the GHG emissions from the use of e-products in Chinese households, and to present new insights about the main influence factors and effective mitigation measures for GHG emissions.
Materials and methods

Research scope
Thousands categories of e-products in the world, it was impossible to study the GHG emissions from all of them. We chose to study five common e-products (PCs, TV sets, air conditions, refrigerators, and washing machines), based on the products' potential usage frequency, numbers, energy consumption, and environmental impacts. The PCs represent information and communication technology (ICT) products; air conditioners, refrigerators, and washing machines represent large appliances; TV sets representaudiovisual equipment.
In this study, the household is taken as the basic unit for analyzing GHG emissions. This study mainly addresses energy use by typical e-products owned by Chinese households in 2012. In order to better understand the GHG emissions of e-products, we also estimate GHG emissions of the other life stages (manufacturing and disposal) in order to determine the relative importance of the usage stage.
Data acquisition
As in many other cases, the acquisition of adequate data in our study turned out to be virtually impossible because of a complete lack of willingness on the part of the companies producing these e-products to divulge information on their product components and processes. Therefore, an Binverse approach^was used, acquiring these e-products at their end of life and dismantling them, in order to identify their components and processes. Where necessary, more detailed identification was obtained by chemical analysis.
Because the household is considered the basic unit in this study, the use pattern was 100 % home use. For the usage phase, the GHG emissions comes from electricity consumption. Based on our survey and literature research, the usage time, product lifetime, and average electric consumption of five kinds of e-products were selected, and are shown in Table S1 . In addition, in order to simplify the processes, we do not consider the standby or sleep time of these e-products.
In China, when a complete system is handed over for end-of-life (EoL) treatment, there are three final treatment and disposal modes: (1) some e-waste is mixed with household waste and, is treated in incineration plants or landfills; (2) some e-waste is collected and recycled by formal enterprises; (3) some e-waste flows into the informal enterprise sector. Because of data availability constraints, only the formal recycling portion is discussed in this study. Table 1 summarizes the key characteristics and assumptions used in this study for the various components, materials, and processing steps of the examined e-products.
Methods
The estimation of GHG emissions was constructed using SimaPro software version 8.0 (PRé 2014) and expressed with the Greenhouse Gas Protocol (GHG Protocol) method.
The GHG Protocol is the most widely used international accounting tool for government and business leaders to understand, quantify, and manage greenhouse gas emissions. The impact assessment step using GHG Protocol makes use of mid-point categories and mid-point category indicators (Andrae and Vaija 2014) . Climate Change is a mid-point category and infrared forcing, e.g., expressed as Global Warming Potential during 100 years (GWP100), is a mid-point category indicator of Climate Change. In the GHG Protocol method, GWP (100) is typically expressed as mass CO 2 equivalents (CO 2 eq.). For this method, the characterization factors per substance are identical to the IPCC 2007 GWP (100) method. The only difference with the IPCC 2007 GWP (100) is that carbon uptake and biogenic carbon emissions are included in this method.
Results
Importance of the usage stage
In this study, due to the complexity of evaluating all these e-products, we take a desktop PC (including a 17 in. Cathode Ray Tube (CRT) monitor, a 17 in. Liquid Crystal Display (LCD) monitor, and a mainframe) as one example to understand the importance of the usage stage (Fig. 1) . Although manufacturing (including raw material extraction and processing, components production, and assembly) generate significant GHG emissions, the GHG emissions of usage stage are the most important, especially for the PC mainframe. For the EoL stage, because some resources (metals, plastics, and glasses) are recovered in the formal e-waste treatment enterprises, there are some environmental benefits, resulting in negative GHG emissions values for the EOL stage. Because electricity is produced mainly by coal in China, the GHG emissions of the usage stage in this study account for higher ratios (CRT monitor: 77 %; LCD monitor: 56 %; Mainframe: 89 %) compared with results from previous researches (Song et al. 2012c ). The key difference is that in this study we only considered the GHG emissions effects. As reported by Song et al. 2012c , 11 kinds of environmental impacts (including Eutrophication, Climate change, Carcinogens, Ozone layer, Fossil fuel, etc.) were evaluated. Due to higher coal-fired power, the electricity consumption in China will cause more serious GHG emissions effects, comparing with other environmental impact categories. The results showed that the usage stage of e-products in China accounted for a higher impact on the total carbon footprint of the e-products, than has been previously reported in other countries (Hertwich and Roux 2011; Dones et al. 2007 ). This is because GHG emissions per Table S2 , Table S3 , Table S4 , Table S7 , Table S8 , Table S9 Consumption pattern Field survey China Home use Electricity consumption China China Table S6 ; Table S10 Electricity mixes China statistics data Table S1 Power Field survey China Table S1 EoL Recycling processes Field surveys China -
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Ecoinvent data v3.0 Global Table S5 1 from NBSC 2013; 2 from Li et al. 2006; Song et al. 2012a, b, c; Duan et al. 2009 kwh coal-fired power (1.38 kg CO 2 eq.) were much higher than that of other three power sources. The electricity mix in other countries involved less coal-fired power, e.g., Austria 8.60 %; Japan 29.32 %; Norway 0.11 %; US 38.30 %. Therefore, under the same electricity consumption, the usage stage is more important in China.
GHG emissions categories
Using the GHG Protocol method, GHG emissions can be divided into four types: (1) fossilbased carbon; (2) biogenic carbon; (3) carbon from land transformation (direct impacts); and (4) carbon uptake. As shown in Table 2 , the fossil CO 2 eq. (that originating from fossil fuels) causes the most GHG emissions from e-products, accounting for more than 100 % of the GHG emission, due to the negative value of uptake CO 2 . (A negative value refers to CO 2 that is stored in plants and trees as they grow.) Compared with fossil CO 2 eq., biogenic CO 2 eq. originates from biogenic sources such as plants and trees. Therefore, in order to mitigate the GHG emissions of e-products, the primary task is to control the use of fossil energy to reduce the fossil CO 2 eq.
GHG emissions of different electricity sources
In China, due to higher storage of coal, 78.08 % electricity consumption was generated from coal, followed by hydropower (17.43 %). GHG emissions per kwh coal-fired power (1.368 kg CO 2 eq.) were much higher than that of other three electricity sources. According to Table 3 , hydropower per kWh only cause 0.015 kg CO 2 eq., and were the cleanest electricity sources. Consistent with our thoughts, coal-fired power contributed more GHG emissions than three other electricity sources, accounting for 99.70 % of the total GHG emissions of e-products. Hydropower, on the other hand, making up 17.43 % of the electricity mix, accounted for only 0.24 %. In future, it will be very important to reduce the GHG emissions of e-products through optimizing the energy structure. 
GHG emissions of household e-products
These e-products have obviously improved residents' lives, but their high electricity consumption has indirectly caused a high volume of GHG emissions. As shown in Table 4 , the total electricity consumption (620.24TWh/year) of the five e-products selected for this study accounted for more than 99 % of all the average annual household electricity consumption in 2012, indicating that the GHG emissions from these five kinds of e-products can be taken as representative of all Chinese household e-product GHG emissions. According to Table S1 and Table S10 , we can know that the off mode of e-products also consumed large electricities, about 6.39 % of the electricity consumption of on mode. The total GHG emissions of these e-products in 2012 came to about 663 million tons CO 2 eq., accounting for 8.85 % of all the GHG emissions in China. These figures show that eproducts have become an important source of GHG emissions in China. In addition, of these five kinds of e-products, large appliances-especially air conditioners (311.33 million tons CO 2 eq., close to half of the total emissions), followed by TV sets and then PCs-will generate the most GHG emissions. The total GHG emission refers to the number of the e-products, therefore it can't reflect the GHG emission of one unit of e-product. As shown in Table 4 , one air conditioner will generate 950.69 kg CO 2 eq. /year (more than 10 times the amount for a washing machine) due to its higher power. In addition, from the entire usage lifespan' perspective, the air conditioner would also bring the most GHG emissions, about 9506.90 kg CO 2 eq.
In order to better understand the GHG emissions of the e-products, the GHG emissions per kg household e-products was analyzed (Table 4 ). The GHG emission levels of these e-products were found to follow the order: Laptop PC>Air conditioner >Desktop PC> TV set> Refrigerator>Washing machine. Laptop PC owns the highest GHG emissions (212.62 kg CO 2 eq./kg) -about 6 times than that of washing machines. 
GHG emissions in different regions
According to the calculation results (Table S11) , the average GHG emissions per household per year in China were 1537.68 kg CO 2 eq., a little higher than those of Norwegian households (1200 kg CO 2 eq.) (Hertwich and Roux 2011) . Compared with rural households, urban households generate more GHG emission (2248.93 kg CO 2 eq.) by about 2.7 times. It was noted, however, and that the largest differences in GHG emissions between the urban and rural areas were from air conditioners and PCs. In order to further investigate the differences in GHG emissions, GHG emissions per household per year in 31 provinces and municipalities are presented in Fig. 2 . It can be seen that the household GHG emissions declined from east to west. Households in the central and eastern provinces-especially in the eastern coastal provinces-contribute more GHG emissions than those in other provinces. The possible reason is because the economic level is still the main factor influencing the number of e-products for chinese households. In China, the eastern coastal provinces were the most developed regions. Furthermore, the GHG emissions from urban households in all provinces were much higher than those from rural households. The possible reason is because the economic level is still the main factor influencing the number of e-products for chinese households. In China, the eastern coastal provinces were the most developed regions. It should be also noted that climate was an influence factor: because of relatively lower temperatures, the households in the northeastern and western provinces either own fewer air conditioners and refrigerators, or use them less.
GHG emissions for various households economic levels
As discussed above, regional economic development level is an important factor influencing GHG emissions. In this study, the GHG emissions of households of different income ranks were investigated to understand this effect. As shown in Table 5 , the electricity consumption per household per year varied from 1103 to 3255 kWh, as the household income level increased. There was a similar variation trend for GHG emissions, from 1180 to 3482 kg CO 2 eq. The GHG emissions of the highest-income households were about 3 times those of the lowest-income households. It is noteworthy that not only were air conditioners the primary Note: Unit of Energy consumption is kWh/year/household; Unit of GHG emissions is kg CO source of household GHG emissions, but the possession and frequent use of an air conditioner was a primary indicator of a higher household income level; air conditioners accounted for about 39 % of the total GHG emissions in the lowest-income households and about 62 % in the highest-income households. In addition, it can be seen from Table 5 that the lowest income households, comprising 10 % of the sample, contributed only 5.22 % of the total GHG emissions from urban households, while the highest income households, also comprising 10 % of the sample, accounted for about 15.40 % of the emissions. These results show that household income rank was an important influence factor: the higher the household income, the larger the e-product GHG emissions. In other words, the richer households are responsible for more of the GHG emissions from e-products.
Discussion
GHG emissions trends
While the above investigation and discussion covers the current GHG emission situation for typical e-products, it is also necessary to understand the GHG emission situation in the past and to predict future GHG emission trends. For studying the GHG emission situation over the past 10 years, we consider only the influence of the number of e-products (Fig. S2) and the electricity mix. The GHG emissions of the five typical e-products in China grew steadily from 310 to 689 million tons CO 2 eq. in the last decade, with an average annual growth rate of 8 % (Fig. S3 ).
Considering the current situation, the GHG emissions of Chinese households can be expected to continue their increasing trend into the future. In 2009, China pledged to reduce GHG emission intensity per unit of gross domestic product (GDP) by 40-45 % by 2020 compared to 2005 levels, and to increase the proportion of non-fossil fuels in primary energy consumption to approximately 15 %. Although e-products were not mentioned as a primary source of GHG emissions, their contribution should be considered as part of the potential GHG emission reduction measures. As discussed above, it is known that the number of units, the electricity consumption per unit, and the electricity mix are the main influence factors of GHG emissions. We therefore set up four scenarios for projecting the possible future situation. Scenario 1: The number of e-products will continue its current increasing trend, but other conditions will stay the same as those in 2012 (Fig. S3) . Scenario 2: The e-products' unit electricity consumption will decline by 1, 3, and 5 % a year; the number of e-product units will continue their current rate of increase; other conditions will stay the same as those in 2012. Scenario 3: The proportion of coal-fired power will decrease by 1, 3, and 5 % a year, while hydropower will make up all the difference; the number of e-product units will continue their current rate of increase; other conditions will stay the same as those in 2012. Scenario 4: The proportion of coal-fired power and the power of e-products will both decrease, concurrently, by 1, 3, and 5 % a year; the number of e-product units will continue their current rate of increase; the other conditions stay the same as those in 2012.
According to the results of Scenario 1 (Fig. 3) , if we focused only on the change in the number of e-product units, the GHG emissions of e-products will show a rapid increasing trend, from 712 to 1004 million tons CO 2 eq. in the future, with an average annual growth rate of 5.04 %. Comparing Scenario 2 with the Scenario 1, the GHG emissions of e-products can be significantly reduced due to the increased energy-saving capabilities of e-products. With a 3 % energy saving per year, the GHG emissions would experience a low-speed growth, and if a 5 % annual energy-saving capability can be achieved, there would even be a negative growth. As for Scenario 3, because coal-fired power makes up a large proportion of the energy mix, accounting for 99.69 % of all the GHG emission, this scenario presents a similar change trend to that of Scenario 2. A 5 % reduction in coal-fired power every year would result in a decline in the GHG emissions of a typical e-product. If the e-product energy consumption and the coal-fired power both decreased, GHG emissions would drop even faster (Scenario 4). Even with only a 3 % reduction, though, the GHG emissions of household e-products would still show a downward trend in the future. These four scenarios indicate that the main influence factors for GHG emissions will be energy-saving product capabilities, the number of eproducts in use, and the electricity mix. Yet because China is still a long way from a saturated e-products market, more work needs to be focused on the energy-saving capabilities of eproducts and cleaner electricity, in order to reduce future GHG emissions of e-products.
Policy implications
Although a low-carbon economy has not been adopted as a specific development strategy in China, the Chinese government has made significant effort in several areas such as energy savings, renewable energy utilization, and promoting cleaner production techniques, to mitigate the GHG emissions from the e-products (Feng et al. 2015) .
In order to encourage energy saving and improve energy efficiency, the Energy Saving Law was implemented in 1997 and was revised in 2007. It aims to promote the development of energy-saving technologies, reduce energy use, and encourage sustainable development. In 2004, the Energy Efficiency Identification Regulation came into force to help consumers choose energy-saving products, and to require increased energy efficiency in some products, such as monitors, LCD TV sets, washing machines, refrigerators, and printers. Energy-saving products huimin projects greatly increased the sales of ten kinds of energy-efficient products (Chinese Energy Efficiency Grade 1 and 2), especially air conditioners. From the implementation of this initiative through October 2010, about 20 million energy-efficient air conditioners were purchased. In 2006, the Renewable Energy Law came into force, which establishes renewable energy as a top priority in China's energy strategy. It aims to increase the share of renewable energy technologies (hydro, wind, biomass, and solar) in energy production from the current level of 1 to 10 % by 2020. The law is expected to lead to increased use of small hydropower stations as well as of wind and biomass capacity.
For GHG emission reduction in China, it is also very important to reduce the GHG emissions of energy production processes themselves, especially for coal-fired power. The Cleaner Production Promotion Law, which was enacted in 2003 and revised in 2012, promotes cleaner production techniques by increasing the utilization efficiency of resources, and reducing and avoiding pollutant generation. Under this policy, the government shut down the small thermal power plants with total power generating capacity of about 77 million kWh from 2005 to 2010. Until May 2011, the Shanxi province, the largest coal-produced Province in China, has closed down all its small coal mines (less than 0.3 million tons per year).
Carbon emissions reduction measures
With the construction of a low-carbon society, carbon emissions reduction deserves special attention and be an important issue in national and local construction processes. For household e-products, some specific measures should be carried out to reduce the GHG emissions.
Firstly, an integrated product policy, that is, making producers responsible for the life-cycle impacts of the products they sell, has been one innovative policy response to this challenge. It is estimated that over 80 % of all product-related environmental impacts are determined during the design phase of a product. For e-products, the EU's Ecodesign directive has successfully focused producers' attention on the energy use and stand-by use, leading to substantial increases in energy efficiency. In addition, eco-labelling is also the complementary way of reducing the energy consumed by products, which can raise the awareness of consumers and the energy efficiency requirements imposed to products on the design phase (EC 2014) .
Secondly, the residents should be encouraged to purchase efficient energy-saving e-products to improve the GHG emissions. For example, according to Super-efficient Equipment and Appliance Deployment program (Lawrence Berkeley Lab) (Park 2011) , the unit energy consumption of energy star LCD TV and CRT TV in China were only 78.82 and 78.32 kWh/year (Table S12) , respectively, which were much lower than the energy consumption in our research (157 and 240 kWh/year in Table S10 ). The Chinese unit energy consumption of TV sets in this study were also much higher than that of other countries. Thus, there is a large space to reduce the GHG emissions from the energy-saving e-products in China. The possible reasons for consumers not to choose an energy-saving e-product is: (1) Higher prices; (2) Poor performance; and (3) Traditional usage habits (longer lifetime). As reported by Zeng et al. 2014 , 56 % consumers thought that high price was the key barrier, and 39 % consumers also identified their concerns that appliances being energy-efficient would sacrifice other qualities.
In future, more efforts need to be done to further improve the green purchase for the government and the business managers.
Thirdly, the government and enterprises should plan more lectures and promotional events to enhance the resident's environmental awareness (Zeng et al. 2014 ). As the current trend of consumption is unsustainable and cannot be continued for ever, it is important to understand the reality and act accordingly. Indeed, much of the reduction in emissions will have to come from behavioral change.
Fourth, no concrete actions should be undertaken until reliable assessments about the current situation can be developed, as our work shows. It may be advisable to require producers to provide real data instead of only estimates. In fact, drawing producers' attention to emissions in their production chain may alert them to opportunities for reducing emissions through energy efficiency and a shift to clean energy sources.
Uncertainties and limitations
Uncertainties and limitations exist in GHG emissions calculation processes due to insufficient data availability and study areas differences. The uncertainties and limitations in this study came mainly from the following areas. First, although there is actually a wide range of values for the lifetimes, usage times, and power of e-products, we considered only the average values in our calculations of GHG emissions. In addition, the usage time of off mode is in reality shorter than the value assumed in our research, because many people will shut off the power of e-products. Second, the electricity mix likewise varies among the different provinces, but due to lack of such detailed regional data, we used only the national average electricity mix in this study, which may be different from many actual provincial situations. Third, although there are thousands of e-products, only five typical ones were considered in this study, and these were restricted to household products. Fourth, because of a complete lack of willingness on the part of the companies producing these eproducts to divulge information on their product components and processes, the data from the Ecoinvent database 3.0 were used, and some of these data were estimated from EU data, which may differ significantly from the actual GHG emissions data in China. Fifth, rebound effects, induced by energy efficiency, and marginal electricity mixes are highly likely significant sources of uncertainty concerning future scenarios. All the above uncertainties and limitations will affect the results of GHG emissions assessments, and further studies and quantitative analyses are needed when more basic information on GHG emissions is available.
Conclusions
Global warming, which is widely described as a serious environmental threat, is caused by greenhouse gases that trap heat in the atmosphere. In this study, we analyzed the GHG emissions of e-products in Chinese households, specifically GHG emissions from the use of some typical e-products. Production also causes a substantial part of the GHG emissions from e-products, but the usage stage is the most important one for GHG emissions. E-products have become an important source of GHG emissions in China, and the total GHG emissions of these e-products in households is about 663 million tons CO 2 eq., accounting for about 8.85 % of all the GHG emissions in 2012.
In the future, with the rapid development of the social economy and the continuous improvement of living standards, the volume and use of e-products will continue to increase.
In order to mitigate the effects of GHG emissions of e-products, the Chinese government has enacted some new policies, such as promoting energy-saving products and adjusting the energy mix. In this study, some other effective measures for reducing the GHG emissions were put forward, such as producer responsibility, good consumer habits and awareness, and CCS development.
On the whole, the information presented in this study will help policy makers and other stakeholders understand the potential GHG emissions effects of e-products, and thereby enable them to determine appropriate steps to address GHG emissions issues, to prevent further deterioration to the environment.
